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Abstract 

We  have  successfully  developed  miniature  hydrogen-air  proton  exchange  membrane  (PEM)  fuel  cells  (FC)  on  silicon  and  poly- 
dimethylsiloxane  (PDMS)  base  substrates  using  conventional  and  non-conventional  microfabrication  technologies.  Prototype  base  sub¬ 
strates  were  fabricated  by  using  well-known  micromachining  technologies,  such  as  photolithography,  deep  reactive  ion  etching,  and  soft 
lithography.  Sputtering,  a  physical  vapor  deposition  method,  was  used  to  deposit  catalysts  and  electrodes  directly  on  the  surface  of  the 
Nation  PEM.  This  paper  describes  the  novel  microfabrication  approaches  employed  to  selectively  deposit  electrodes  and  catalyst  materials 
on  the  membrane  with  improved  morphology  and  structure  of  electrodes.  The  aim  was  to  reduce  precious  metal  catalyst  loadings,  ohmic 
(iR)  losses,  and  to  improve  structural  support  for  the  thin-film  FC  with  concurrent  reduction  in  fabrication  complexity. 
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1.  Introduction 

As  fuel  cells  (FC)  rapidly  mature,  they  are  gaining  more 
attention  as  clean  and  energy  efficient  power  sources,  with 
growing  importance  for  preserving  the  environment  as  they 
produce  environmentally  benign  energy  [1].  Among  the 
wide  variety  of  areas  in  which  fuel  cells  can  be  employed, 
one  of  the  promising  fields  of  applications  is  their  use  as 
portable  power  sources  making  them  prominent  alternatives 
to  batteries  as  miniature,  lightweight  power  sources  [1,2]. 
Micro  proton  exchange  membrane  (PEM)  fuel  cells,  be¬ 
cause  of  their  ability  to  deliver  higher  energy  per  volume 
and  weight,  can  meet  the  demands  of  advanced  portable 
electronic  devices  and  can  be  directly  integrated  and  used 
as  onboard  power  sources  in  the  sub- Watt  range  to  oper¬ 
ate  small  sensors  and  actuators.  At  slightly  higher  output 
powers,  they  can  be  used  in  other  applications  to  power 
portable  electronic  devices  like  cell  phones  (~1  W),  laptop 
computers  (~20W),  etc.  [3]. 

The  current  approach  to  developing  miniature  fuel  cells  is 
based  on  adoption  of  micromachining  technologies.  The  use 
of  silicon  micromachining  and  related  thin  film  processes 
have  been  employed  by  several  research  groups  as  an  at¬ 
tractive  route  for  fabrication  [4-9].  These  techniques  enable 
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simple  stacking  of  fuel  cell  components  on  a  chip  for  com¬ 
pact,  lightweight,  scalable  power  generation. 

We  developed  the  miniature  fuel  cell  with  a  dual  purpose. 
First,  it  can  be  used  as  a  portable  power  source  as  described 
above.  As  a  second  application,  it  can  be  used  as  a  simple 
and  flexible  development  tool  to  explore  fuel  cell  mate¬ 
rials  and  components.  A  number  of  technical  issues  such 
as  cost,  performance,  materials,  etc.,  need  to  be  resolved 
to  commercialize  fuel  cells  [10],  hence,  extensive  research 
efforts  are  necessary  in  order  to  develop  novel,  cheap,  fuel 
cell  materials,  to  reduce  electrocatalyst  loadings,  and  to 
simplify  manufacturing  processes.  These  microstructures 
enable  rapid  fabrication  and  testing  of  compact  laboratory 
fuel  cells  with  a  variety  of  material  transfer  options  to 
develop  and  screen  the  cell  materials  with  little  infrastruc¬ 
ture  requirements  and  also  allow  testing  in  explosion-free 
conditions.  These  miniature  fuel  cells  have  the  potential 
to  be  fast,  reliable,  safe,  economical,  and  environmentally 
friendly  test  structures  to  study  and  develop  novel  fuel  cell 
manufacturing  processes  and  materials. 

2.  Micro  fuel  cell  design 

Miniature  fuel  cells  demand  an  extremely  simple  and 
compact  design  in  order  to  be  useful  as  portable  power 
sources.  The  aim  was  to  make  a  simple  functioning  device 
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Fig.  1.  Schematic  of  a  micro  proton  exchange  membrane  fuel  cell. 


on  a  silicon  substrate  by  adapting  the  design  of  a  conven¬ 
tional  proton  exchange  membrane  fuel  cell.  Fig.  1  shows  the 
schematic  of  a  micro  PEM  fuel  cell. 

The  device  consists  of  a  base  substrate  with  microchan¬ 
nels  (based  on  an  existing  design  of  a  silicon  microreactor 
we  used  in  previous  experiments)  to  introduce  and  distribute 
gaseous  fuel,  the  anode  and  cathode  electrodes,  the  pro¬ 
ton  conducting  membrane,  and  the  external  electric  circuit. 
We  employed  silicon  and  poly-dimethylsiloxane  (PDMS)  as 
base  substrates  and  their  associated  fabrication  techniques  to 
create  flow  structures.  A  thin  solid  sheet  of  Nafion  membrane 
was  used  as  the  electrolyte.  Electrodes  and  catalysts  were 
selectively  deposited  as  anode  and  cathode  on  both  sides 
of  this  membrane  using  vacuum  sputtering.  This  membrane 
was  then  bonded  to  the  base  substrate  such  that  the  anode 
side  faced  the  flow  channels.  The  membrane  was  extended 
from  the  base  on  one  edge  so  that  it  remained  free  standing 
to  provide  electrical  connections  to  both  sides.  The  cathode 
side  was  kept  open  to  draw  oxygen  from  the  ambient  air. 

Hydrogen  enters  through  the  inlet  via  of  the  base  substrate 
and  distributes  along  the  microchannels.  The  hydrogen  then 
reacts  in  the  presence  of  the  catalyst  to  form  protons  and 
electrons.  Electrons  conduct  through  the  external  circuit 
producing  electrical  current  and  reach  the  cathode,  while 
protons  pass  through  the  Nafion  membrane  from  anode  to 
cathode,  where  they  react  with  oxygen  in  the  presence  of 
electrons  to  form  water,  which  is  allowed  to  vaporize  into 
the  ambient. 


3.  Experimental 

3.1.  Fabrication  of  silicon  and  PDMS  microreactors 

We  have  successfully  employed  microfabrication  tech¬ 
niques  for  microreactor  fabrication  using  well-characterized 
processes  [11-14].  These  processes  employed  bulk  micro¬ 
machining  techniques,  which  essentially  remove  the  silicon 
from  its  bulk  to  form  structures  on  the  silicon  wafer.  The 


microreactors  were  fabricated  by  employing  a  multi-step 
photolithography  process  using  three  separate  masks.  These 
included  two  front  side  masks  for  (a)  inlet  and  outlet  and 
(b)  channels.  The  third  mask  was  for  a  backside  patterning 
of  inlet  and  outlet  vias. 

The  starting  material  was  a  4  in.  diameter,  550  p,m  thick 
double- side  polished  silicon  wafer.  The  masks  were  de¬ 
signed  to  give  eight  microreactors  on  a  single  wafer.  Posi¬ 
tive  photoresists  were  used  to  transfer  patterns  from  chrome 
mask  to  silicon  wafer.  The  resist  was  used  as  a  mask  for  the 
subsequent  silicon  etching  process  instead  of  oxide  because 
of  ease  of  processing  and  lower  cost,  as  it  does  not  involve 
the  extra  step  of  removing  oxide  by  wet  etching  methods. 
These  patterns  were  then  transferred  into  silicon  by  using 
the  deep  reactive  ion  etching  process  [14].  The  fabricated 
wafer  was  sent  outside  for  dicing  (MPE  Inc.,  Greenville, 
TX)  into  individual  microreactors  of  size  3.1cm  x 
1.6  cm.  Fig.  2  shows  a  single  diced  silicon  microreactor 
chip. 

In  order  to  reduce  the  overall  cost  of  the  fuel  cell  with  a 
view  toward  commercialization,  it  is  necessary  to  produce 
this  cell  on  cheaper  base  substrates.  We  therefore  explored 
the  fabrication  of  PDMS  microreactors  as  base  substrates 
upon  which  the  cell  components  were  vertically  stacked. 
PDMS  microreactors  were  fabricated  by  employing  mi¬ 
cromolding,  a  soft  lithography  method  [15].  The  PDMS 
microreactors  had  the  same  design  and  consisted  of  inlet, 
outlet  and  channels  that  were  cast  against  a  microfabricated 
silicon  master.  The  silicon  master  for  soft  lithography  was 
fabricated  using  photolithography  and  dry  etching  processes. 
The  same  reactor  masks  were  used  as  were  described  above 
for  the  fabrication  of  the  silicon  microreactor.  However, 
since  the  fabricated  master  should  have  an  inverse  of  the  de¬ 
sired  pattern,  negative  resist  on  a  silicon  wafer  support  was 
used  in  order  to  create  the  master.  The  liquid  prepolymer  of 
PDMS  was  then  spin-coated  on  the  master  support  wafer  a 
number  of  times  to  get  a  total  thickness  of  around  500  jim. 
The  PDMS  was  cured  and  peeled-off  from  the  master,  which 
produced  an  exact  replica  of  eight  microreactors  on  a  single 
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Fig.  2.  Silicon  base  substrate  with  micro  flow  channels  (microreactor)  to  introduce  and  distribute  gaseous  fuel. 


PDMS  membrane.  Individual  PDMS  microreactors  were 
then  cut  with  a  razor  blade  to  the  size  of  3.1  cm  x  1.6  cm. 
Fig.  3  shows  a  diced  PDMS  microreactor  chip. 

3.2.  Selective  deposition  of  electrodes  and  catalysts 
on  Nafion  membrane 

The  combination  of  anode/electrolyte/cathode  in  a 
PEMFC  is  referred  to  as  the  membrane  electrode  assembly 
(MEA)  [2].  It  is  the  key  component  of  the  PEMFC,  since 
it  is  the  site  where  the  cell  reactions  take  place.  It  consists 
of  a  solid  membrane,  with  a  layer  of  electrocatalyst  and 
gas  porous  electrodes  on  both  sides,  forming  the  anode  and 
cathode  of  the  cell.  The  electrodes  consist  of  catalyst  parti¬ 
cles,  which  are  normally  Pt,  Pt  alloys,  or  other  noble  metal 
alloys. 

Traditionally,  MEAs  have  been  manufactured  by  attach¬ 
ing  a  catalyst  layer  on  one  side  of  porous  gas  diffusion 
electrodes.  The  catalyst  layers  can  be  deposited  by  means 
of  painting,  printing,  and  spraying  inks  that  contain  a  mix¬ 
ture  of  electrolyte  and  carbon  supported  catalyst  [16-19]. 
A  primary  role  of  the  carbon  support  is  to  provide  elec¬ 
trical  connection  between  the  widely  dispersed  Pt  catalyst 
nanoclusters  and  the  electrodes.  To  enhance  transport  of 
protons  within  the  catalyst  layer,  Nafion  may  be  mixed 


with  the  catalyst  [17].  The  gas  diffusion  electrodes  serve 
as  the  electron  collector  and  also  facilitate  permeation  of 
the  reactant  gases.  The  gas  diffusion  electrodes  typically 
consist  of  a  cloth  woven  from  carbon  fibers  [16].  The  mem¬ 
brane  is  then  hot  pressed  at  an  elevated  temperature  slightly 
above  its  glass  transition  temperature  between  these  two 
electrodes  in  such  a  way  that  the  catalyst  layer  faces  the 
membrane  side  and  the  other  side  faces  the  flow  field  plates. 
In  addition  to  Nafion  impregnated  with  Pt/C,  various  elec¬ 
trode  structures  and  catalyst  layers  have  been  employed, 
such  as  electrodeposited  and  sputter-deposited  thin  film 
of  Pt  in  order  to  reduce  the  content  of  electrocatalyst  in 
the  electrode  layers  while  maintaining  cell  performances 
[20,21]. 

A  primary  goal  of  our  method  of  creating  the  MEA 
was  greater  simplicity  of  processing.  We  used  vacuum 
sputtering  to  deposit  catalysts  and  electrodes  directly  on 
the  membrane  surface.  An  US  Gun  II  Planar  Magnetron 
Sputtering  machine  was  used  for  this  purpose.  Researchers 
have  successfully  employed  sputter  deposition  techniques 
in  order  to  achieve  ultra-low  levels  of  catalyst  loadings 
[20-23],  which  in  turn  reduce  the  cell  cost  and  result  in 
better  utilization  of  the  catalyst.  Sputtering  can  easily  pro¬ 
vide  thin  and  uniform  deposition  on  the  membrane  surface 
[24]. 


Microchannels 
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Fig.  3.  PDMS  base  substrate  with  inlet,  outlet  and  micro  flow  channels  to  introduce  and  distribute  gaseous  fuel  in  a  fuel  cell. 
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The  proton  exchange  membrane  was  Dupont  Nation  112 
(2  mil  thickness)  from  Electrochem  Inc.  (Woburn,  MA).  The 
membrane  was  pretreated  in  various  chemicals  in  order  to 
remove  organic  and  inorganic  impurities.  This  procedure  in¬ 
volved  sequential  immersion  of  the  membrane  in  a  boiling 
solution  of  3wt.%  aqueous  hydrogen  peroxide  (H2O2)  so¬ 
lution  for  1  h,  DI  water  for  1  h,  0.5  M  H2SO4  solution  for 
1  h,  and  DI  water  for  1  h.  After  pretreatment,  the  membrane 
was  dried  and  sputtered  using  a  shadow  mask  to  define  the 
catalyst  layer  on  both  sides  of  the  membrane.  The  samples 
were  removed  from  the  vacuum  chamber,  flipped  and  then 
returned  to  the  chamber  to  deposit  the  back  side. 

We  found  that  the  Nation  membrane  dehydrated  un¬ 
der  vacuum,  however  it  rehydrated  quickly  after  being  re¬ 
exposed  to  the  ambient.  Since  the  sputter  deposition  is  under 
vacuum  conditions,  it  was  necessary  to  hold  the  membrane 
firmly  on  some  base  when  it  was  placed  in  the  vacuum  cham¬ 
ber  to  avoid  wrinkle  formation,  which  would  result  in  non- 
uniform  deposits.  The  base  used  for  the  purpose  was  a 
PDMS -coated  silicon  wafer,  as  Nation  adheres  well  to 
PDMS.  For  this  purpose,  PDMS  was  spun  onto  a  silicon 
wafer  and  allowed  to  cure.  The  Nation  membrane  was  cut 
into  4  in.  size  and  placed  on  the  same  size  PDMS-coated 
wafer. 

We  used  a  shadow  mask  made  from  a  Mylar  sheet  to 
deposit  thicknesses  of  400  and  150  nm  of  platinum  as  the 
electrode  and  catalyst  on  both  the  sides  of  the  membrane  to 
define  anode  and  cathode  of  the  fuel  cell.  However,  we  found 
that  the  boundaries  of  deposited  metals  were  not  uniform 
with  this  hard  mask.  The  contact  between  the  rigid  mask 
and  the  membrane  was  very  poor,  which  led  to  non-uniform 
deposition  due  to  the  presence  of  an  air  gap  between  the 
mask  and  the  membrane. 

3.3.  PDMS  shadow  masks  for  electrode  and  catalyst 
deposition  on  membrane 

We  found  that  the  performance  of  platinum  sputtered  fuel 
cells  showed  strong  dependence  on  the  thickness  of  the  cat¬ 
alyst  layer.  From  experimental  results  with  400  and  150  nm 
thick  platinum  as  combined  electrode-catalyst,  we  realized 
that  the  performance  could  be  improved  by  further  reducing 
the  thickness  of  catalyst  layer.  To  reduce  the  catalyst  load¬ 
ing  further,  it  was  necessary  to  use  some  other  conductive 
materials  as  electrodes  together  with  catalyst  materials  in 
order  to  reduce  series  and  contact  resistances.  As  a  current 
collector,  the  electrode  must  provide  a  sufficiently  open  sur¬ 
face  for  reactant  gas  to  diffuse  in  order  to  access  the  catalyst 
sites  while  minimizing  series  resistance  effects  that  would 
lead  to  ohmic  losses.  This  structure  should  also  provide  me¬ 
chanical  support  to  the  membrane  piece.  Ag  was  chosen  as 
the  electrode  material  since  it  is  highly  conductive  and  easy 
to  sputter.  Sputtered  Ag  fuel  cell  electrodes  have  been  suc¬ 
cessfully  employed  by  researchers  in  the  past  [25,26]. 

In  order  to  selectively  deposit  electrodes  and  catalyst 
layers  on  Nation  membranes,  we  employed  an  elastomeric 


shadow  mask  of  PDMS.  The  technique  of  using  PDMS 
elastomeric  membranes  as  dry  resists  and  for  dry  lift-off 
was  reported  earlier  by  Whiteside’s  group  at  Harvard  Uni¬ 
versity  [27].  We  found  that  PDMS  seals  well  with  the 
Nation  membrane,  giving  conformal  contact  with  no  air 
gap  to  provide  well-defined  boundaries  of  deposited  metals. 
The  PDMS  shadow  mask  was  fabricated  by  spin-coating 
liquid  PDMS  onto  a  silicon  master,  which  consisted  of  pho¬ 
toresist  structures  defined  by  photolithography.  The  master 
was  fabricated  on  a  silicon  wafer  by  either  patterning  with 
thick  positive  (AZ-100  XT)  or  negative  (SU-8)  photoresist 
to  define  posts  on  the  wafer  or  by  using  thin  photoresist 
followed  by  dry  etching  of  the  silicon  to  produce  taller 
structures  on  the  silicon  wafer.  PDMS  was  then  spin-coated 
at  an  appropriate  speed  such  that  the  height  of  the  layer 
was  lower  than  the  height  of  the  features  on  the  master. 
After  curing,  the  PDMS  layer  was  peeled  away  from  the 
master,  and  had  openings  in  locations  corresponding  to  the 
raised  features  on  the  master.  These  fabrication  processes 
to  obtain  a  PDMS  shadow  mask  are  shown  in  Fig.  4. 

Two  separate  masks  were  designed  for  the  fabrication 
of  master  wafers  for  producing  the  PDMS  shadow  masks 
for  catalyst  and  electrode  deposition.  The  masks  were  de¬ 
signed  to  give  four  separate  patterns  on  a  single  4  in.  wafer. 
For  the  catalyst  deposition  mask,  the  patterned  area  was 
1.4  cm  x  1.2  cm,  to  correspond  to  the  microchannel  zone  of 
the  microreactor  and  0.5  cm  x  0.5  cm  for  the  pad  on  the  edge 
to  provide  electrical  contacts.  The  electrode  mask  consisted 
of  isolated  circles  and  squares  100  jxm  in  size  and  spacing 
placed  within  the  entire  channel  zone. 

The  silicon  masters  were  exposed  before  use  to  the  vapor 
of  (tridecafluoro- 1 , 1 ,2,2,-tetrahydro-octyl)- 1  -trichloro silane 
(Gelest  Inc.,  Morris ville,  PA)  in  a  vacuum  desiccator  for  easy 
peeling-off  of  the  PDMS  membrane.  This  treatment  lowers 
the  surface  energy  of  the  substrate  to  ease  the  removal  of 
PDMS  from  the  master  [28].  A  liquid  prepolymer  of  PDMS 
was  then  spin-coated  onto  a  master.  The  rate  of  spinning 
was  adjusted  so  that  the  thickness  of  the  PDMS  layer  was 
less  than  the  height  of  the  photoresist  posts  on  the  master 
wafer  to  prevent  bridging  of  PDMS  into  what  should  be 
open  areas.  The  PDMS  was  spin-coated  at  lOOOrpm  for  60  s 
with  acceleration  of  300  revolutions/s  to  yield  a  70  jxm  thick 
PDMS  membrane.  The  PDMS  was  then  cured  at  100  °C 
for  2h.  After  curing,  to  release  the  membrane,  it  was  cut 
around  the  edges  with  a  razor  blade.  The  membrane  was 
then  peeled  away  from  the  master.  Peeling-off  the  membrane 
from  the  master  gave  an  array  of  holes  in  the  PDMS  allow¬ 
ing  it  to  be  used  as  a  shadow  mask  for  metal  deposition  on 
the  Nation  membrane.  Fig.  5  shows  scanning  electron  mi¬ 
crograph  (SEM)  images  of  arrays  of  100  p,m  squares  and 
circular  holes  formed  in  the  PDMS. 

The  pretreated  Nation  membrane  was  cut  to  a  4  in.  diam¬ 
eter  piece  and  placed  on  the  cured  PDMS-coated  support 
wafer.  First,  5  nm  of  catalyst  (Pt  or  Pd)  was  deposited  on 
the  Nation  membrane  using  the  respective  PDMS  shadow 
mask,  which  formed  a  tight  and  conformal  seal  with  the 
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Fig.  4.  Schematic  illustration  of  fabrication  process  for  PDMS  shadow  mask  using  two  different  routes. 


Fig.  5.  Scanning  electron  micrograph  (SEM)  images  of  100  ptm  squares  and  circles  formed  in  70  ptm  thick  PDMS  membrane  to  use  it  as  a  shadow  mask 
for  electrode  deposition. 
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Fig.  6.  SEM  Images  of  Ag  electrodes  on  Pt-  and  Pd-deposited  Nation  membrane.  Five  hundred  nanometer  of  Ag  was  deposited  using  PDMS  shadow 
masks  which  has  arrays  of  100  fxm  isolated  square  and  circular  holes. 


membrane.  The  membrane  was  removed  from  the  chamber 
after  depositing  catalyst  on  one  side.  The  Nation  membrane 
was  then  flipped  and  the  PDMS  shadow  mask  was  placed 
on  it  by  aligning  it  with  the  previously  deposited  pattern, 
which  was  visible  through  the  transparent  membrane.  Pt  was 
deposited  again  on  the  back  side  in  the  same  manner.  After 
depositing  catalyst  on  both  sides  of  the  membrane,  500  nm 
of  silver  (Ag)  was  deposited  on  both  sides  as  electrodes  us¬ 
ing  the  respective  PDMS  shadow  mask.  Fig.  6  shows  SEM 
images  of  sputter-deposited  Ag  on  both  sides  of  the  Pt-  and 
Pd-deposited  Nation  membranes. 

3.4.  Novel  patterning  of  electrodes  on  Nafion  membrane 
by  photolithography  and  lift-off 

There  are  limitations  on  the  features  that  can  be  produced 
in  the  PDMS  shadow  mask,  and  subsequently  on  the  sub¬ 
strate.  The  features  must  be  discrete  and  relatively  simple 
in  design.  Highly  elongated  patterns  (pattern  length  much 
greater  than  pattern  width)  are  not  possible  as  the  polymer 
membrane  must  be  continuous  and  mechanically  stable. 
In  addition,  the  size  of  the  features  that  can  be  produced 
in  the  PDMS  membrane  is  restricted.  In  order  to  address 
these  limitations,  the  direct  patterning  of  electrodes  on 
Nafion  membrane  was  also  performed  by  photolithography 


and  lift-off  techniques  with  positive  photoresist  in  order  to 
produce  electrically  continuous  electrode  patterns. 

The  poor  adhesion  of  photoresist  to  Nafion  is  a  major 
challenge  to  direct  patterning.  We  tried  thick,  viscous  pho¬ 
toresist  (AZ-9260)  for  improving  adhesion  with  the  mem¬ 
brane.  Since  the  Nafion  membrane  cannot  be  heated  above 
100  °C  without  causing  structural  changes  to  the  polymer, 
modifications  were  made  to  the  normal  photoresist  pro¬ 
cessing  parameters.  The  pretreated  Nafion  membrane  was 
cut  into  4  in.  diameter  wafer  size  and  blown  with  nitrogen 
to  dry  it  thoroughly.  The  dried  membrane  was  smoothly 
attached  to  a  PDMS-coated  silicon  wafer  for  all  subsequent 
processing  steps.  The  membrane  adhered  well  to  PDMS 
and  remained  firmly  on  the  wafer  even  during  spin-coating 
steps.  Before  spinning,  hexamethyldisilazane  (HMDS)  was 
coated  on  the  membrane  in  order  to  improve  photoresist  ad¬ 
hesion.  Photoresist  AZ-9260  was  then  spin-coated  to  give  a 
thickness  of  10  |mm  on  the  Nafion,  then  soft  baked  at  70  °C 
for  5  min.  The  resist-coated  membrane  was  then  exposed 
with  the  electrode  pattern  photomask  for  120  s  on  a  stan¬ 
dard  aligner  in  proximity  mode.  Finally,  the  patterns  were 
developed  in  an  AZ-400  K  developer  solution  (diluted  with 
water  in  1:4  ratio)  for  60s.  Patterning  by  photolithography 
resulted  in  well-defined  photoresist  areas  on  the  mem¬ 
brane.  Fig.  7  shows  SEM  images  of  lithographically  defined 


Fig.  7.  SEM  images  of  photoresist  patterns  on  Nafion  membrane. 
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Fig.  8.  SEM  images  of  500  nm  thick  Ag  deposited  on  patterned  Nafion  membrane. 


patterns  on  the  membrane  at  different  magnifications.  Pho¬ 
toresist  residues  left  behind  on  the  membrane  after  the 
lithography  step  can  be  seen  as  white  spots  in  the  SEM 
image. 

The  Nafion  membrane  wrinkled  and  formed  ridges  in 
acetone,  therefore  immersion  in  developer  was  used  for 
metal  lift-off.  Prior  to  metal  deposition,  the  patterned 
membrane  was  flood  exposed  for  120  s  to  render  the  re¬ 
sist  soluble  in  developer  during  the  subsequent  lift-off 
step. 

It  was  observed  that  the  adhesion  of  sputter-deposited 
silver  to  the  Nafion  membrane  was  poor.  In  order  to  improve 
adhesion,  a  5  nm  thick  titanium  layer  was  sputter-deposited 
on  the  membrane  before  the  500  nm  silver  layer.  Fig.  8  shows 
SEM  images  of  the  Ag-deposited  membrane. 

After  depositing  Ti  and  Ag,  the  membrane  was  placed 
again  in  the  developer  solution,  which  dissolved  the  pre¬ 
viously  exposed  photoresist.  Thus,  metals  were  removed 
by  lift-off  from  the  resist-covered  areas  of  the  mem¬ 
brane,  giving  selective  deposition  of  metals  as  electrodes 
on  the  Nafion  membrane.  Fig.  9  shows  a  SEM  image  of 
Ti/Ag  electrodes  on  the  Nafion  membrane  after  the  lift-off 
step. 

Once  Ti/Ag  was  defined  as  an  electrode  on  membrane, 
5  nm  of  Pt  was  deposited  as  a  catalyst  using  the  respective 
PDMS  shadow  mask. 


3.5.  Electrical  connections  and  bonding  of  Nafion 
membrane  to  base  substrates 

The  membrane  was  cut  to  the  base  substrate  size  in  length. 
However,  in  the  perpendicular  direction  it  was  kept  free 
standing  along  one  edge  in  order  to  provide  electrical  con¬ 
nections.  A  0.5  cm  x  0.5  cm  pad  was  provided  for  electrical 
connections  on  the  free  standing  portion  of  the  membrane. 
Electrical  connections  were  created  on  both  sides  by  bond¬ 
ing  thin  wires  on  the  pads  with  a  two  component  conduc¬ 
tive  silver  epoxy.  Epoxy  was  also  used  to  bond  the  Nafion 
membrane  to  the  base  substrate.  The  epoxy  was  applied  on 
the  edges  of  the  base  substrate  and  the  Nafion  membrane 
was  located  on  it  so  that  the  sputtered  area  on  the  membrane 
was  placed  in  contact  with  the  channel  area  of  the  substrate. 
The  membrane-microreactor  assembly  was  then  placed  on 
a  hot  plate  until  the  epoxy  hardened.  A  thin  layer  of  liquid 
PDMS  was  then  applied  to  the  edges  of  this  assembly  and 
allowed  to  cure,  which  helped  to  prevent  gas  leakage  around 
the  periphery  of  the  final  device. 

In  the  case  of  the  PDMS  fuel  cell,  a  liquid  prepolymer  of 
PDMS  was  applied  to  the  edges  of  the  PDMS  base  substrate, 
and  the  catalyst  and  electrode-deposited  membrane  was  then 
placed  on  this  substrate.  The  assembly  was  pressurized  and 
placed  on  a  hot  plate  for  curing  at  a  temperature  of  70  °C. 
This  gave  a  good  seal  between  the  base  substrate  and  the 
membrane. 


Fig.  9.  SEM  image  of  Ag  electrodes  on  Nafion  membrane  after  lift-off. 


4.  Fuel  cell  characterization 

4.1.  Test  set-up 

A  custom-built  microreactor  test  fixture  was  used  to  test 
the  micro  fuel  cell.  The  test  setup  consisted  of  a  mounting 
block,  which  supported  the  fuel  cell  and  allowed  the  intro¬ 
duction  and  elimination  of  gases.  Temperature  control  was 
achieved  with  a  cartridge  heater  inside  the  block  and  a  ther¬ 
mocouple  in  order  to  monitor  and  control  the  temperature. 
Pure  hydrogen  was  fed  to  the  fuel  cell  from  the  cylinder  at  a 


K.  Shah  et  al./ Journal  of  Power  Sources  123  (2003)  172-181 


179 


measured  flow  rate  using  an  electronic  mass  flow  controller, 
while  the  cathode  side  was  kept  open  to  atmosphere  to  draw 
oxygen  from  air.  The  flow  of  gases  and  temperatures  were 
automatically  monitored  and  controlled  by  interfacing  the 
setup  with  a  computer  using  Lab  View  software. 

Open  circuit  voltage  (OCV)  was  measured  by  connect¬ 
ing  the  anode  and  cathode  of  the  fuel  cell  directly  to  a 
digital  multimeter.  Current-voltage  characteristics  were 
measured  using  two  digital  multimeters  and  a  variable  load 
resistor.  The  generated  current  was  passed  through  vari¬ 
ous  loads  and  the  cell  voltage  was  recorded  as  a  function 
of  current  once  the  steady  state  was  achieved.  The  polar¬ 
ization  curve  measurements  were  made  at  temperatures 
ranging  from  ambient  temperature  to  80  °C.  The  oxidation 
reaction  of  hydrogen  was  characterized  by  measuring  the 
composition  of  the  product  gases.  A  quadrupole  mass  spec¬ 
trometer  (QMS)  was  used  to  monitor  the  outlet  product 
composition. 

5.  Results  and  discussion 

Open  circuit  voltage  and  current-voltage  characteris¬ 
tics  were  measured  at  different  temperatures,  ranging  from 
room  temperature  to  80  °C.  Also,  the  effects  of  hydro¬ 
gen  flow  rates  and  humidification  of  the  hydrogen  stream 
were  investigated.  Fuel  cell  performances  were  measured 
for  different  catalyst  loadings.  The  best  results  were  ob¬ 
tained  with  very  thin  catalyst  (5  nm  Pt,  which  amounts 
to  a  Pt  loading  of  0.014  mg/cm2)  and  thicker  electrodes 


(500  nm  Ag).  The  maximum  open  circuit  voltage  mea¬ 
sured  was  840  mV,  while  the  highest  current  density  was 
1.90mA/cm2  at  room  temperature  conditions.  The  area 
of  the  membrane  exposed  to  gas  contact  was  0.8  cm2 
while  the  hydrogen  flow  rate  was  1.0  seem.  The  maximum 
power  obtained  was  0.375  mW/cm2  at  0.380  V.  Fig.  10 
shows  V-I  characteristics  obtained  from  fuel  cell  while 
Fig.  11  shows  the  power  drawn  from  the  cell  versus  current 
density. 

The  Nation  membrane  patterned  by  the  lithography  and 
lift-off  approach  to  define  thicker  electrodes  and  thinner  cat¬ 
alyst  layers  showed  almost  identical  performance. 

The  power  density  obtained  from  these  cells  based  on 
geometric  surface  area  was  low  compared  to  values  re¬ 
ported  up  to  65  mW/cm2  from  the  Pt/Nafion  PEM  fuel 
cell  at  a  Pt  loading  of  0.014  mg/cm2  [23].  From  the  re¬ 
sults  it  can  be  inferred  that  the  scale-down  problems  were 
associated  more  with  catalyst  layers  than  with  gas  flow 
channels.  Low  current  obtained  from  these  cells  reflected 
a  small  active  catalyst  area  compared  to  the  geometric 
area  of  the  cell.  In  addition,  direct  sputter  deposition  of 
catalyst  on  the  membrane  has  been  reported  to  result  in  a 
reduced  cell  performance  [23,29].  Current  densities  as  low 
as  5  mA/cm2  were  reported  for  sputter-deposition  directly 
on  the  Nation  membrane  which  compares  well  with  our 
results. 

It  is  established  that  at  a  thickness  of  5  nm,  sputtered  Pt 
forms  continuous  film  on  the  surface  of  the  Nation  mem¬ 
brane  [30] .  The  sputter  deposition  therefore  resulted  in  a  flat 
catalyst  layer  with  low  porosity  and  provided  only  limited 


Fig.  10.  Current-voltage  characteristics  of  a  micro  fuel  cell  with  5nm  thick  Pt  catalyst  and  500  nm  thick  Ag  electrodes. 
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Fig.  11.  Power  obtained  vs.  current  density  at  different  temperatures  from  micro  fuel  cell  with  5nm  thick  Pt  catalyst  and  500  nm  thick  Ag  electrodes. 


regions  where  the  three  phase  interface  of  electrolyte, 
catalyst,  and  reactant  gas  could  occur.  This  interaction  is 
felt  to  be  necessary  to  enhance  both  electron  and  proton 
conduction  [1,2]. 

During  operation  of  the  cell,  the  membrane,  in  absence 
of  proper  structural  support,  contracted  and  formed  ridges, 
which  significantly  reduced  the  effective  catalyst-gas  con¬ 
tact  area  and  lifted  the  membrane  away  from  the  base 
substrate.  To  a  lesser  extent,  hydrogen  leaks  around  the 
periphery  of  the  membrane-base  substrate  assembly  may 
have  limited  the  pressure  drop  across  the  membrane,  which 
in  turn  limited  proton  flux  through  membrane. 

Other  possible  explanations  for  lower  than  expected 
current  densities  include  inadequate  active  site  density  of 
sputtered  catalyst  films,  non-optimal  series  resistances,  use 
of  atmospheric  pressure  air  at  the  cathode  (rather  than 
pressurized  oxygen),  and  poor  hydrogen  distribution  in  the 
microchannels  at  low  flow  rates. 

In  order  to  gain  information  about  the  active  catalyst 
surface  area  and  the  utilization  of  catalyst,  it  is  necessary  to 
characterize  the  thin  layer  of  sputter-deposited  catalyst  via 
physisorption  (for  accessible  surface  area)  and  chemisorp¬ 
tion  (for  active  site  density).  These  measurements  remain 
as  future  work. 

Ultimately,  porous  catalyst  and  electrode  structures  are 
necessary  for  improving  the  fuel  cell  performance.  Novel 
electrode  and  catalyst  design  and  deposition  approaches  are 
necessary  to  achieve  acceptable  power  densities  from  micro 
fuel  cells,  and  they  must  be  compatible  with  the  silicon 
fabrication  processes. 


6.  Conclusion 

Simple  and  flexible  functioning  micro  fuel  cells  were 
produced  using  a  variety  of  novel  microfabrication  tech¬ 
niques.  Approaches  like  electrode  and  catalyst  deposition 
using  elastomeric  shadow  masks  and  direct  patterning  on 
Nafion  membrane  were  investigated  for  selective  deposi¬ 
tion.  These  methods  showed  promise  and  allowed  novel 
electrode  and  catalyst  configurations  on  the  membrane  sur¬ 
face.  The  electrodes  patterned  using  the  above  methods 
complemented  well  the  thin  catalyst  layers.  The  electrodes 
helped  minimize  the  catalyst  loadings,  series  and  contact 
resistances  and  at  the  same  time  allowed  sufficient  open 
surface  for  reactant  gas  to  access  the  active  catalyst  sites. 
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